Wet oxidation tests were performed on two pure compound streams: acetic acid and ammonia; and on two wastewater streams: acrylic acid wastewater and sulphide laden spent caustic. Test results showed that Mn/Ce and Pt/TiO 2 were effective catalysts that greatly enhanced acetic acid, ammonia and acrylic acid wastewater destruction. However, the Mn/Ce catalyst performance appears to be inhibited by concentrated salts dissolved in solution. This could limit the applicability of this catalyst for the treatment of brackish wastewaters. Zr, Ce and Ce nanoparticles were also shown to exhibit some catalytic activity, however not to the extent of the Mn/Ce and the Pt/TiO 2 .
Introduction
Wet oxidation is a process for treating industrial wastewaters (Maugans and Ellis, 2002) . The vast majority of commercial wet oxidation facilities operate without catalysts (Patria et al., 2004) . However, for some applications, conventional wet oxidation may not be capable of treating wastewaters in a satisfactory or economical manner. The use of catalysts can allow the process to operate at less severe conditions, saving capital and operating costs and achieve superior performance. Laboratory wet oxidation tests were conducted with catalysts on industrial wastewaters and common wastewater contaminants.
Experimental methods
The wet air oxidation (WAO) tests were performed in laboratory autoclaves. An illustration of the bench scale shaking autoclaves used in the tests is shown in Figure 1 . The autoclaves were charged with wastewater and compressed air and were placed in a heater/shaker unit. The autoclaves were heated to the desired temperature. The autoclaves were held at temperature for the reaction time, removed from the heater and cooled to room temperature using tap water. Expanded details of the experimental methods are described in Maugans and Kumfer (2005) .
The catalysts evaluated are described in Table 1 . Note that the 10 nm Ce and the Zr nano catalysts were received as small aliquots of dilute solutions and so could only be tested at low concentrations. 10 nm catalyst. This indicates that the larger size of the Ce particle may affect the catalytic activity of the particle, but there was not a great enhancement of COD destruction with either Ce nano catalyst. Some catalytic enhance was seen when a high dose (5 g/L) of Ce micro catalyst was used, however the enhancement was not profound. Only slight catalytic enhancement was observed with the Zr nano catalyst; however the catalytic activity at higher concentration cannot be concluded. The Mn/Ce catalyst greatly enhanced the COD destruction of acetic acid and was dependent on the concentration of the catalyst.
Two other catalytic oxidations were performed at 200 and 240 8C using 5 g/L of Mn/Ce catalyst. These results are shown in Figure 3 . Even at the lower temperatures, the COD destruction was greater with the use of the Mn/Ce catalyst compared to the oxidation at 280 8C without catalyst. An additional oxidation was performed in which the ionic strength of the acetic acid solution was increased. Sodium sulphate was added to the acetic acid solution at a concentration of 40 g/L. The COD destruction decreased to 44%. The increase in ionic strength decreased the effectiveness of the Mn/Ce catalyst.
Catalytic wet air oxidation of ammonia
A solution of 20 g/L ammonium sulphate with 12 g/L NaOH was oxidised at 280 8C with a 60 min time at temperature. The oxidation conditions and the ammonia destruction results are shown in Figure 4 . Results show that both the Mn/Ce and the Pt/TiO 2 had catalytic activity. Some leaching of Ce was observed with the Mn/Ce catalyst, with 5.0 mg/L Ce in the liquid effluent. The effluent from the catalytic oxidation using the Pt/TiO 2 catalyst had less than 0.5 mg/L soluble Pt. Both catalysts greatly increased the ammonia destruction.
Catalytic wet air oxidation of synthetic acrylic acid wastewater
A synthetic acrylic acid wastewater feed was also tested (Maugans and Kumfer, 2005) . The synthetic wastewater composition is shown in Table 2 .
The synthetic acrylic acid wastewater was oxidised at several conditions. This wastewater has a BOD:COD ratio of 0.01, indicating that the solution was not biotreatable. After the oxidation tests, the BOD:COD ratio was found to be greater than 0.75 for all conditions, indicating that the oxidised effluent was readily biotreatable. The oxidation conditions and the COD destruction results are shown in Figure 5 . As shown in Figure 5 , performance at 240 8C with catalyst exceeded performance without catalyst at 280 8C. Catalyst dose test results are also shown in Figure 5 : 0.5 g/L catalyst at 280 8C showed no improvement, 5 g/L showed dramatic improvement, and 10 g/L showed nearly complete COD destruction. The effluent from the solution with 10 g/L Mn/Ce catalyst was analysed for Mn and Ce. The effluent contained 220 mg/L Mn and 2.7 mg/L Ce. This indicates that some of the catalyst was dissolving into solution.
An oxidation was performed to test if the dissolved Mn was the active catalyst. An oxidation of the wastewater was performed at 280 8C with 500 ppm of Mn (added as MnSO 4 ). The COD destruction was similar to the COD destruction achieved without the use of the catalyst. This indicates that the soluble Mn did not cause the catalytic activity.
In order to confirm that the catalyst was a true catalyst and not just a one time oxidation enhancer, the catalyst was used through several oxidation runs. Following each oxidation, the effluent was filtered and the catalyst was recovered and used again in an oxidation with fresh feed. This was repeated through four cycles. All oxidations were performed at 280 8C with a 60 min time at temperature. There was only a slight decrease of COD destruction throughout the four cycles. This may indicate some loss of catalyst activity. However, even after the fourth cycle, there was only a 0.4% loss of COD destruction from the initial oxidation. This indicates that the Mn/Ce catalyst is a potential candidate for use in the oxidation of acrylic acid wastewaters.
Another oxidation was performed using a Pt/TiO 2 catalyst. The soluble platinum in the effluent was less than 0.5 mg/L. The catalyst increased COD destruction compared to oxidation without catalyst, but was lower than the COD reduction achieved with the Mn/Ce catalyst.
Catalytic WAO of spent caustic solution
Spent caustic is a caustic solution from ethylene crackers and refineries that contains sulphides and/or organic compounds. The solutions typically also contain a high concentration of salts. WAO is a common technology for treating these liquors, however it is applied as a pre-treatment step prior to biological treatment. Many of these facilities would be able to directly discharge the WAO effluent if the COD concentration was below 100 mg/L. A typical WAO effluent has greater than 100 mg/L COD, of which most of the remaining COD is organic acids.
Catalyst performance was tested on an industrial ethylene spent caustic. This solution had a feed strength of 35,000 ppm COD. An initial oxidation of the solution was performed at 200 8C with a 60 min time at temperature. No catalyst was used for the initial oxidation. The COD was reduced by 96%, with 1,410 mg/L of COD remaining in the effluent. The effluent from this oxidation was further oxidised at 280 8C with a 60 min (Maugans and Kumfer, 2005) . So, a second set of oxidations were performed at a lower pH. An ethylene spent caustic was initially oxidised at 200 8C with a 60 min time at temperature. Concentrated sulphuric acid was added to the effluent following the oxidation to reduce the pH to 7. The pH adjusted solution was then oxidised at 2808C with a 60 min time at temperature using 5 g/L Mn/Ce catalyst. The COD destruction in the effluent increased to 70% and 420 mg/L of COD remained in the effluent. However, this was still higher than the 100 mg/L target. As seen with a high salt solution in the oxidation of acetic acid, the high salts in the spent caustic effluent may be inhibiting the catalytic activity of the Mn/Ce catalyst.
Conclusions
The COD destruction of acetic acid is enhanced by the use of Ce catalyst, Ce nano catalyst, Mn/Ce catalyst and Pt/TiO 2 catalyst. The Mn/Ce and Pt/TiO 2 catalysts achieved much greater COD destruction than the Ce catalyst and the Ce nano catalyst. Even with decreased temperatures, the COD destruction achieved when using the Mn/Ce catalyst was greater than the COD destruction at higher temperatures without the use of the catalyst. However, an increase of ionic strength of the solution by the addition of salts decreased the catalytic activity of the Mn/Ce catalyst. In addition, the size of the Ce nano particle may affect the catalytic activity of the catalyst. Both the Mn/Ce catalyst and the Pt/TiO 2 catalyst greatly increased the destruction of ammonia at high pH and increased the COD destruction of the synthetic acrylic acid wastewater while producing a readily biodegradable effluent. The Mn/Ce was not successful in reducing the COD of an ethylene spent caustic to a concentration below 100 mg/L. 
